Abstract We present major element and actinide composition data from a population of fallout glass samples produced from a single near-surface nuclear detonation. Glass major element compositions indicate that composition of local geology is a primary control on bulk fallout chemical composition. Uranium isotope compositions indicate that vaporized, residual fuel was incorporated into the melts prior to solidification, likely within seconds, and are consistent with two-component mixing between naturally-occurring uranium and residual uranium fuel. Model ages of the residual fuel in fallout are systematically inaccurate, biased towards older ages, and are consistent with two-component mixing between naturally-occurring daughter nuclides in local sediment and decay-derived daughter nuclides from residual nuclear fuel. Multiple processes such as mixing, agglomeration of melted sediment-derived droplets, and incorporation of condensates must all occur within the timescale between sediment melting and melt solidification.
Introduction
Glassy fallout, a byproduct of near surface nuclear detonations, may be one of the primary materials available for investigation following a nuclear event. During the era of near-surface nuclear testing in the United States , fallout was produced from a multitude of tests and originally studied as a radiation hazard. The legacy of near-surface testing persists to this day, primarily in the form of radioactive glassy debris. Macro-scale fallout glass forms when environmental materials are swept up into the fireball and partially or fully melted, interacting with debris from the device prior to cooling of the fireball below the condensation temperature of most relevant chemical species [1] . Although there is some variation with respect to yield, the time window for such interactions and cooling is of order seconds [1, 2] .
Radioactive glasses formed by the Trinity test, collectively termed trinitite, have been extensively studied [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The silicate melt glasses produced in the Trinity event have been shown to contain fission products, activation products, residual nuclear fuel, and enrichments in elements derived from non-nuclear device components. Trinitite is interpreted to have formed in situ, at the site of fireball-sediment interaction, although some studies [4, 8] suggest that the upper layer of trinitite glass contains partially-mixed remnants of a ''silicate melt rain'', some of which was deposited on the ground while molten, and fused with molten in situ trinitite before either component solidified. Ref. [8] provide evidence that the fused ''silicate melt rain'' component of trinitite is more radioactive than the fraction of the glass formed in situ, indicating that this component of silicate melt interacted with the fireball to a greater degree than those melts formed on the surface. Ref. [6] reported the existence of aerodynamic fallout glasses from the Trinity event-often with spherical or oblong morphologies. These types of glasses have not yet been the focus of significant chemical study, but also clearly illustrate that glassy fallout may form through several different mechanisms, even in the same event.
In this study, we seek to better constrain formation mechanisms for macro-scale glassy fallout production. We analyzed twenty-eight quasi-spherical to irregularly-shaped pieces of fallout glasses produced from the test of a single uranium-fueled nuclear device. The samples all exhibit aerodynamic morphologies, or are a conglomeration of aerodynamic shapes, suggesting they were molten and quenched prior to deposition on the surface. These samples may be analogous to the ''spheroids'' studied by Ref. [4] and [6] , and the ''silicate melt rain'' hypothesized by Ref. [8] . In order to characterize the initial chemical composition of the melts, we sampled nominally uncontaminated sediment (i.e., sediment devoid of local fallout contributions) from the vicinity of the test. The goals of this study are twofold: (1) to characterize chemical and isotopic compositional heterogeneity across a range of morphologies of single pieces of fallout glass produced in a nearsurface nuclear test, and (2) to place constraints on the chemical and isotopic evolution of fallout to explain the compositional data. We also use the 234 U- 230 Th and 235 U- 231 Pa chronometers, recently applied to the age-dating of nuclear fuel [13] [14] [15] [16] , to explore if these data can be used to constrain the production age of fallout produced by a uranium-fueled nuclear device.
Samples and methods

Sample collection, selection, and initial characterization
Six samples were collected from the upper 10 cm of exposed sediment, tens to hundreds of meters from the site of the detonation (hereafter referred to as ''ground zero''). Three sediment samples were collected 0.12-0.9 km from ground zero, away from the activity plume, to most accurately characterize the chemical composition of the predetonation environment. A second set of sediment samples was collected from a greater distance (*2-3 km from ground zero), and captures some of the local compositional variation. Sediment samples were collected dry, and contained little to no organic matter. Sediment grain size varies from fine-grained sand to small pebbles, but was not characterized in detail for this study. After collection, sediments were inspected to ensure the exclusion of macroscale glassy fallout material. The potential for contamination of sediment by micro-scale fallout from the nuclear event is addressed below.
Fallout glass samples were collected along the path of the fallout plume, within *600 m from ground zero. Samples containing pieces of fallout glass were wet-sieved in the field into size factions and returned to the laboratory. For this study, individual glassy fallout samples were isolated from the 1.4 to 1.7 mm size fractions by hand-picking using an optical microscope. Each piece of glassy fallout was inspected to characterize the color and general morphology (rounded edges and/or quasi-spherical shape; Fig. 1 ). Larger and smaller pieces of aerodynamic glasses, some with morphologies different from those studied here, were identified in other size fractions, but were not included in this study.
Optical images of fallout glass samples (Fig. 1 ) depict the most common morphologies observed in the 1.4-1.7 mm size fraction. Glass samples are typically opaque, greenish-black in color. Unlike trinitite, these glasses have smooth, rounded surfaces with no obvious top or basal surfaces. Quasi-spherical vesicles are often visible just beneath the smooth surfaces. Some glass samples appear to be fused agglomerations of many smaller glass quasi-spheres. All samples in this study appeared to be completely composed of glass, with no obvious crystalline features or visible compositional heterogeneities with the exception of variability in the density of adhered glass droplets and the density of vesicles. We classified glass morphologies as ''quasi-spherical'' or ''oblong'' based on their gross shapes. ''Oblong'' glasses, about twice as long or longer as they are wide, vary in shape from ovoid ( Fig. 1 , Panels C and E) to more irregular shapes difficult to categorize. Most ''oblong'' aerodynamic glasses have smooth, rounded surfaces that are often distorted by smaller glass droplet features, and some ''oblong'' glasses appear to have a stretched morphology (Fig. 1 , Panels D and F). ''Quasi-spherical'' aerodynamic glasses (Fig. 1 , Panels A and B) approach spherical dimensions and tend to have few, if any, of the attached droplets prominent on the surfaces of most ''oblong'' glasses. Weathering rinds were not observed in these glasses (in contrast to the sediments, see below).
Glass samples were washed using 18.2 MX H 2 O, dried, and weighed using an XP2U ultra-microbalance (Mettler Toledo) with a precision of ±1 lg. The 28 fallout glass samples selected for analysis varied in mass from *7 to 36 mg (Table 1) .
XRD and EDS-SEM characterization of sediments
To determine the chemical and mineralogical composition of mineral constituents of the proximate sediments, the six sediment samples were analyzed using a Bruker D8 X-ray diffractometer (XRD). Powder mounts were prepared for XRD by crushing sediments in an agate mortar and pestle and loading the powders onto plastic mounts. Two samples (Sediment-3 and Sediment-4) were selected for additional analysis using a scanning electron microscope (SEM). Sediment grains were selected to account for the diversity of grain types visually observed in grab samples, although the grains of all samples appeared to consist predominantly of common silicate minerals like quartz and feldspar. Grains were mounted in epoxy and polished to expose the grain cores. The polished grain mounts were then coated with carbon and analyzed using an FEI Inspect F SEM fitted with an AMETEK EDAX Apollo XL energy-dispersive X-ray spectrometer (EDS). Secondary electron micrographs and backscattered electron micrographs (BSEM) were collected for 15-20 sediment grains on each grain mount. Chemical data were collected using the EDS system. Typically, 10-15 spot analyses were performed on each sediment grain to aid in mineral identification, and to characterize the observed textural and mineralogical heterogeneity observed in BSEM.
Most sediment grains are polymineralic and contain a diversity of textures and compositions. These grains display a porphyritic texture characteristic of most volcanic rocks (large, isolated, mm-scale crystals within an intergrown microcrystalline and/or glassy groundmass). The matrix of sediment grains generally consists of quartz, K-feldspar, plagioclase, and glass. Pumice fragments, characterized by porous texture and a microcrystalline to glassy rock matrix, are also observed. Pumice fragments tend to lack crystals larger than *10 lm. Sediment grains show minimal weathering or hydrothermal alteration.
Weathering rinds on the rims of sediment grains are \5 lm, when present.
Sample processing and dissolution for chemical and isotopic analysis
Several grams of each of the six sediment samples, consisting of hundreds of grains, were crushed and homogenized in an agate mortar and pestle. The mortar and pestle was cleaned after each sample by scrubbing repeatedly with pure SiO 2 sand, isopropanol, and 18.2 MX H 2 O. Approximately 100 mg of each crushed and homogenized sediment was then selected for subsequent dissolution. The fallout glass samples were not crushed prior to dissolution.
Crushed sediment aliquots and whole glass samples were digested in clean Teflon beakers using a 2.5:1 mixture of concentrated HNO 3 to concentrated HF. United States Geological Survey rock standards BCR and BHVO, used in this study as procedural standards to assess major element and actinide data accuracy, were dissolved alongside fallout and sediment samples using the same procedures. All acids used in this study were ''ultra-trace'' grade (Seastar Chemicals, Inc.), with U and Th concentrations \0.05 pg/ g, and diluted with 18.2 MX H 2 O. Samples were heated for at least 24 h, until a white fluoride precipitate formed. At this point, *1 mL concentrated HClO 4 was added to each beaker to dissolve the fluoride precipitate. Samples were then dried down, dissolved in 1 mL concentrated HCl, and dried down again. Finally, samples were dissolved in 6 mL 3 M HCl. Using this treatment, all samples were Major element (Na, Mg, Al, K, Ca, and Fe) compositions of sediment and glass samples were measured using a Thermo X-series quadrupole ICPMS. Concentrations were quantified using a matrix-matched calibration curve for the elements of interest. Intensities were corrected using the known concentrations of the internal standard spike and the external calibration standards.
Chemical separation and analysis of U, Th, and Pa Uranium concentrations and isotopic compositions were measured in chemically-purified aliquots of stock solutions using isotope dilution mass spectrometry (IDMS). Sample aliquots were spiked with an internally calibrated 233 U spike. Spiked aliquots of stock solutions were then dried down and dissolved twice in 100 lL concentrated HNO 3 . After the second HNO 3 dissolution, the precipitates were dissolved in *1 mL 4 M HNO 3 for the first of two ion chromatography uranium separations. Poly-Prep columns with 1.8 mL resin reservoirs (Bio-Rad Laboratories) were loaded with *1.8 mL U-TEVA ion exchange resin (Eichrom Technologies) and conditioned with *10 mL 4 M HNO 3 . Samples were loaded onto the resin, and the resin was washed with *5 mL 4 M HNO 3 , *3 mL 9 M HCl, and *4 mL 5 M HCl to remove matrix elements, while U remained sorbed to the resin. Uranium was eluted by adding *8 mL 0.1 M HCl. Eluates containing U were dried down and dissolved in 100 lL concentrated HCl twice, then dried down a third time and dissolved in *1 mL 9 M HCl. Poly-Prep columns were loaded with *1.8 mL AG-1 X8 (100-200 mesh) anion exchange resin (Bio-Rad Laboratories) and conditioned with *10 mL 9 M HCl. Samples were loaded onto the resin, and the resin was washed with *7 mL 9 M HCl to remove matrix elements, while U remained sorbed to the resin. Uranium was then eluted from the resin by adding *8 mL 0.1 M HCl. Eluates containing U were dried down and dissolved twice in concentrated HNO 3 , dried down a third time, and dissolved in *3 mL 2 % HNO 3 for analysis by multicollector inductively-coupled plasma mass spectrometry (MC-ICPMS).
Thorium concentration and isotopic composition was measured on chemically-purified aliquots of stock solutions by IDMS using a calibrated 229 Th spike. A three-step ionexchange procedure was used to separate Th from matrix elements. For the first step, spiked aliquots of stock solutions were dried down and dissolved twice in 100 lL concentrated HCl, then dried down a third time. Sample precipitates were dissolved in 2 mL 9 M HCl. To oxidize the dissolved components of these solutions, 25 lL of concentrated HNO 3 was added to each solution. Poly-Prep columns were loaded with *1.8 mL AG-1 X8 (100-200 mesh) anion exchange resin, and the resin was conditioned with *10 mL 9 M HCl. Thorium does not sorb to AG-1 resin in 9 M HCl, so beakers were placed to collect Th. Samples were loaded onto the resin, and Th was eluted with *7 mL 9 M HCl. Samples were dried down and dissolved in 100 lL concentrated HNO 3 twice, then dried down a third time. Sample precipitates were dissolved in *1 mL 8 M HNO 3 for the second Th separation step. Poly-Prep columns were loaded with *1.8 mL AG-1 X8 (100-200 mesh) resin, and the resin was conditioned with *10 mL 8 M HNO 3 . Samples were loaded onto the column, and Th sorbed to the resin in the 8 M HNO 3 medium. The resin was rinsed with *7 mL 8 M HNO 3 to remove matrix elements. Beakers were then placed below the columns to collect Th, which was eluted using *2 mL 9 M HCl, followed by *6 mL 0.1 M HCl ? 0.005 M HF. Samples were dried down and dissolved twice in 100 lL concentrated HCl, then dried down a third time and dissolved in *1 mL 9 M HCl with 25 lL concentrated HNO 3 added as an oxidizer. The third Th separation step was an exact repetition of the first separation step. The Th eluate collected from the third separation step was dried down and dissolved twice in concentrated HNO 3 , dried down a third time, and dissolved in *3 mL 2 % HNO 3 ? 0.005 M HF for analysis by MC-ICPMS.
Six glass samples (F-1 through 6) and two sediment samples (Sediment-1 and -2) were chosen for Pa chemical separation and analysis by IDMS, performed following a procedure described by Ref. [16] , and using 233 Pa spike-2 (for fallout samples F-1 through -3) and 233 Pa spike-3 (for fallout samples F-4 through -6, and the sediment samples) described therein. Protactinium was separated from matrix elements using a three-step procedure. First, samples were dissolved in 9 M HCl ? 25 lL saturated H 3 BO 3 ? 50 lL concentrated HNO 3 and loaded onto Poly-Prep columns containing *1.8 mL AG-1 X8 (100-200 mesh) resin conditioned with *10 mL 9 M HCl. The resin was washed with *7 mL 9 M HCl to remove matrix elements, and Pa was eluted with *8 mL 9 M HCl ? 0.05 M HF. Samples were dried down after the addition of *25 lL concentrated HClO 4 and dissolved in 2 % HNO 3 ? 25 lL saturated H 3 BO 3 . Poly-Prep columns were loaded with *1.5 mL clean quartz wool, which served as the separation medium for the second and third separation steps. The quartz wool was conditioned with *10 mL 2 % HNO 3 , samples were loaded onto the wool, and the wool was washed with *7 mL 2 % HNO 3 . Protactinium formed a hydrolyzed compound that sorbed to SiO 2 , while matrix elements washed through. To elute Pa, *6 mL 2 % HNO 3 ? 0.05 M HF was added to each column. Samples were dried down after the addition of *25 lL concentrated HClO 4 , and the precipitates were dissolved in 2 % HNO 3 ? 25 lL concentrated HNO 3 . The final Pa separation step was a repetition of the quartz wool technique, except Pa was eluted using *3 mL 2 % HNO 3 ? 0.005 M HF.
The spiked and chemically-purified aliquots of U, Th, and Pa were measured by MC-ICPMS. Uranium and Th analyses were performed following the analytical procedures outlined by Ref. [15] , and Pa analyses were performed following the procedures outlined by Ref. [16] . Uranium was measured using a Nu Plasma MC-ICPMS (aerodynamic glass samples F-1 through -6) and a MicroMass IsoProbe MC-ICPMS (sediment samples and aerodynamic glass samples F-7 through -28 [16] , and no spike-stripping calculation was performed for Pa analyses.
Results
Major element composition results
The major oxide constituents of the six nominally uncontaminated sediments are Na 2 O (*3.6 wt%), MgO (*0.3 wt%), Al 2 O 3 (*10.4 wt%), K 2 O (*4.5 wt%), CaO (*1.5 wt%), and FeO (*2.2 wt%), consistent with a rhyolitic bulk chemical composition. Although SiO 2 was not measured directly by ICPMS, it was determined by difference relative to the other major elements (calculated as the most common oxide) to be *72-75 wt%, and was confirmed by semi-quantitative X-ray fluorescence analysis. Sediment grains consist of common igneous mineral phases, particularly quartz, plagioclase feldspar, and K-feldspar (Fig. 2) . Fe-Ti-rich mineral grains, also present in abundance, are easily identifiable in BSEM on the basis of high mean atomic number, morphology, and major element composition. Most sediment grains contain at least 1 vol% of \10 lm Fe-Ti-rich grains, although a few sediment grains have Fe-Ti-rich grains of larger sizes and abundances. A small fraction (\5 %) of Fe-Ti-rich mineral grains contain a Mn-rich component.
Major element concentrations of the fallout glasses are presented in Table 1 . The glasses are broadly similar to each other in bulk chemical composition. However, they do not have identical compositions, and vary in some elements more than others. For example, fallout glasses exhibit *50 % variation in CaO (calculated as the 2r standard deviation of 22 droplets); MgO and K 2 O concentrations also exhibit variation of 22.2 and 20.7 %, respectively. In contrast, Na 2 O, Al 2 O 3 , and FeO vary less than the other major elements, differing by 10.6, 7.5, and 8.9 %, respectively. The sum of the major elements (calculated as oxides) measured in glasses in this study is 24.33 wt%, on average. The bulk of the remaining mass is SiO 2 (*72 to 75 wt%), confirmed in SEM/EDS analyses of other fallout glasses from this population [17] .
To aid a comparison of glass and sediment compositions, the ratios of the elemental compositions of individual glass samples divided by the average of six sediment compositions were calculated (Table 2) . Glasses are almost identical to sediments in K 2 O concentrations, but are enriched in MgO relative to sediment by a factor of 1.3-2.0. Glasses are slightly enriched in Al 2 O 3 relative to sediments, by a factor of 1.02-1. 16 . Na 2 O is consistently depleted in glasses relative to sediments, up to a factor of 0.86. CaO is variable in the glasses, as 7 of 22 glass samples are depleted in CaO relative to sediment, while the remaining are enriched, with sample F-12 the most enriched, by a factor of two. FeO is enriched in glasses relative to sediment by a factor of 1.2-1.5.
Actinide composition results
Uranium, Th, and Pa concentrations and isotopic compositions of fallout glasses and sediments are presented in Table 3 . ), a nuclide that does not occur naturally in any significant abundance. The anomalous uranium isotopic composition of Sediment-1 is attributed to the presence of micro-scale contamination from fallout. The five uncontaminated sediments vary in uranium concentration from 2.7 to 4.8 lg/g (average = 3.5 lg/g) and in 234 U/ 238 U Fig. 2 Backscattered electron micrograph images of polished sections of four sediment grains from Sediment-3. Mineralogy is determined on the basis of major element composition measured by spot analysis energy-dispersive X-ray fluorescence spectrometry (EDS). qtz quartz, Ksp potassium feldspar, pl plagioclase, Fe-Ti irontitanium oxides ), about a factor of two higher than in the sediments. Protactinium concentrations from six fallout glasses vary from 1.82 to 2.45 pg/g (average = 2.15 pg/g), about a factor of two higher than that observed in the sediments.
Discussion
Agglomeration and partial homogenization of fallout glasses during formation
The fallout glasses examined here are the vitrified remnants of melted silicates that incorporated 235 U from nuclear fuel that was vaporized by the detonation but did not undergo fission (''residual fuel''). Fallout glasses yield major element compositions similar to, but not identical to, sediments collected from near ground zero, strongly suggesting that chemical composition of the fallout glass is primarily controlled by the composition of local sediments. The incorporation of bomb debris must have occurred between the time of sediment melting and subsequent quenching to a glass. These findings are consistent with conclusions from studies of glasses formed during the Trinity event [7] . The striking compositional similarity of the fallout glasses and proximate sediments strongly suggests any chemical changes occurring over the timescale of fallout formation are second-order processes.
Although glasses and sediments are compositionally similar, there are some notable differences. The enrichments in MgO and FeO, as well as the depletion in Na 2 O in the fallout glasses relative to the sediments reflects a compositional change during fallout formation. This finding is consistent with the expected differences in volatility between the major elements, with Na being the most volatile. If the depletion in Na is due to volatilization, fallout must have been held at temperatures greater than the boiling point of Na 2 O (boiling point &1950°C) for significant duration. Such conclusions, however, are dependent the following assumptions: 1) volatilization of SiO 2 did not occur (resulting in the loss of a chemical constituent not directly measured in fallout glass in this study); and 2) the six sediment samples measured in this study are truly representative of the initial chemical compositions of the melts. If temperatures exceeding the boiling point of the major elements (as oxides) were maintained for significant lengths of time (i.e., greater than of order seconds), the most volatile elements would have been lost to the vapor phase. Fallout glass morphologies confirm these materials solidified while airborne, and could not have been molten for longer than their time spent in flight. Recent work using stable noble gases [2] confirms that the formation time scales for glassy fallout debris are of order seconds. No significant compositional differences between aerodynamic glasses characterized as ''oblong'' and ''quasispherical'' are observed, suggesting that there is no difference between the chemical compositions of the two classes of fallout glass morphologically categorized here. Although CaO varies significantly more than the other major oxides (by about a factor of two), this variation is independent of morphology. The major element chemical heterogeneity strongly suggests that some degree of heterogeneity, initially present in the sediment, is retained during fallout formation, and mixing resulting in compositional homogenization is not able to proceed to completion before solidification.
While most of the fallout glasses studied here preclude formation as direct condensates on the basis of size and time constraints, formation mechanisms involving both the melting and resolidification of bulk sediment particles, as well as the agglomeration of many smaller melt droplets (and, as a volumetrically minor contribution, condensates) prior to solidification are consistent with the lack of large major element compositional variations in aerodynamic glass samples. If this model is correct, the compositional range of individual small melt droplets adhering to larger, aerodynamically-shaped materials might be expected display a wider compositional range than the host. Size-based chemical investigations as well as micro-scale chemical analyses are needed to assess the degree of chemical homogenization recorded in both ''quasi-spherical'' and ''oblong'' aerodynamic fallout glasses to validate this hypothesis.
Two-component mixing of uranium in fallout glass
The positive correlation between uranium concentration and 235 U/ 238 U can only be explained by the incorporation of enriched remnant uranium from the device into fallout (Fig. 3) (Fig. 4) . These correlations are best explained by two-component mixing, with naturally-occurring uranium in sediment and remnant fuel from the device as end-members. The sediment samples measured in this study have U-isotope compositions agreeing within error with the composition of the low-235 U end-member suggested by the observed trends. The high-235 U end-member, residual fuel, was not sampled directly in this study. Glass sample F-25, the most highlyenriched sample measured in this study ( 235 U enrichment is 88.54 ± 0.09 %), has a uranium isotope composition falling below the isotopic composition of uranium used in United States nuclear weapons (''oralloy'', *93 %). The device uranium end-member extrapolated from the correlations observed here, however, is likely not the same as the initial, pre-detonation isotopic composition of the fuel, due to partial fuel burn up in the detonation. The isotopic composition of uranium in fallout has been affected by neutron reactions (e.g. neutron capture, fission), in addition to mixing with natural uranium. 236 U is produced by neutron capture during fission, and may also be present in the uranium fuel. We cannot distinguish the relative contribution of 236 U from these two sources using the current dataset.
Uranium from naturally-occurring sources has an essentially constant 235 U/ 238 U ratio (Ref. [18] , although cf. ref [19] [20] [21] Pa chronometers, wellestablished in geochemistry for determining the ages of rocks and minerals, have recently been applied to analysis of nuclear forensics samples, such as highly-enriched uranium in nuclear fuel [13] [14] [15] [16] to determine production ages. As the half-lives of the parent and daughter nuclides are constant, calculation of production age, the most recent date of chemical purification (hereafter referred to as ''model age'') is a function only of the molar ratio of the daughter and parent nuclides. Model ages are calculated using Eq. 1,
where t is time, R is the parent to daughter atomic ratio, and k P and k D are the decay constants of the parent and daughter nuclides, respectively. In forensic investigations of fuel-cycle materials, the model age of a sample is usually interpreted as the age of the most recent purification of the parent from the daughter in the fuel production process.
In ideal cases, model ages calculated using the 234 U-230 Th and 235 U-231 Pa chronometers can have analytical uncertainties of less than hundreds of days. Here we evaluate whether these chronometers can be used to determine model ages of the final purification date of unburned nuclear fuel in fallout accurately. Three inherent assumptions in the calculation of these model ages are: Table 4 and Fig. 6 . Model ages calculated using the 234 U-230 Th chronometer for glasses for twenty-eight glass samples vary from 128.8 to 314 years before 2012 (the year of analysis), and model As United States near-surface nuclear weapons testing was restricted to the years 1945 through 1973 (49-67 years before 2012), the model ages calculated using these chronometers must be systematically inaccurate, suggesting the presence of additional daughter nuclides, and/or that the assumptions inherent in the model age calculations are not consistent with the constraints placed on fallout formation.
These observations offer useful insights, suggesting several processes at work. In this sample suite, fallout contains uranium from two sources: the sediment, and the device. Furthermore, we have shown that sediments near ground zero contain non-negligible concentrations of 230 Th and 231 Pa. Based on the model of fallout formation proposed above, the addition of daughter nuclides to the system can occur during multiple processes:
1. Ingrowth of daughter nuclides in the device fuel prior to detonation; 2. After the detonation, two-component mixing of daughter nuclides from the device with daughter nuclides from the sediment, and; 3. After fallout solidification, ingrowth of daughter nuclides from the uranium in glass.
It has been suggested by previous studies [15, 16] that incomplete uranium purification at the fuel fabrication stage produces model ages older than the actual purification dates. Device detonation causes the loss of 235 U to fission and neutron capture, and may have an effect on 234 U, 230 Th, and 231 Pa through neutron capture, as well. Chemical fractionation due to differences in relative volatilities between uranium and daughter nuclides may occur as U, Th, and Pa condense and become incorporated into melted sediments. The largest source of systematic bias, however, is the contribution of naturally-occurring daughter nuclides from sediment. These processes all preclude a simple interpretation of model ages; each process can result in model ages systematically offset from the actual ages of fuel production and fallout formation. Additional research could help address the importance of neutron reactions and chemical fractionation, such that this system might be utilized to understand variations and heterogeneities resulting from incomplete mixing of the environmental materials following detonation.
Incomplete melt homogenization revealed by fallout glass 230 Th/ 232 Th heterogeneity Despite the similarity in major element composition between glasses and sediments, fallout glass has a 230 Th/ 232 Th ratio about a factor of two higher than sediment (Fig. 7) . The incorporation of uranium from the device, and the ingrowth of 230 Th ratios measured in the sediment samples for all but one glass sample (F-12, Fig. 7) . The similarity between the corrected ratios and the sediment ratios is consistent with the model of aerodynamic glass formation presented in this study.
The 230 Th/ 232 Th heterogeneity in glassy fallout independently suggests that the melted sediments are incompletely mixed before quenching. Surface sediments proximal to the test are rocky, poorly-weathered sediments, consisting primarily of silicate minerals with a range of formation ages from Quaternary sediments to Tertiary volcanics. The abundance of quartz and feldspar suggests that the sediments were derived from the erosion of igneous rocks, which would be expected to exhibit variable 230 Th/ 232 Th ratios depending on age and initial Th isotopic composition of the magmas from which they crystallized; the minerals present in these sediments likely formed over the course of millions of years. Furthermore, 230 Th/ 232 Th ratios of the sediments measured in this study clearly demonstrate a heterogeneous reservoir from which melt glass formed. The 230 Th/ 232 Th heterogeneity in fallout glasses demonstrates that the reservoir heterogeneity is maintained, and that, while chemical homogenization of sediments did occur, the process was not able to proceed to completion.
Sequence of events in fallout glass formation
Utilizing the data presented here, we can reconstruct the sequence of events that led to the formation of the fallout glass samples examined in this study (Fig. 8) Within seconds of the explosion, vapor in the resultant debris cloud began to condense. Condensates were incorporated onto and into silicate melts formed from sediments swept into and heated by the fireball. Residual uranium fuel, dispersed by the explosion, mixed with naturallyoccurring uranium. The mechanism for incorporation of the bomb debris into the silicate melts is not uniquely identifiable from this line of research, but must be the result of a combination of condensation, agglomeration, mixing, and diffusion. The presence of embedded quasi-spherical features (Fig. 1 , Panels C-F) on fallout glasses supports that at least some aerodynamic glasses formed by coalescence of smaller melt droplets. Further work should be performed to examine the elemental distribution within fallout glasses on the micro-scale, with an emphasis on the identification of diffusion profiles and convective mixing to constrain the relative influence of different processes on the incorporation of the bomb debris into the melts. The silicate melts became closed systems at the time of quenching, and mixing and homogenization ceased at this point. The debris-laden silicate melts quenched to glass before their combination of ballistic trajectories and gravitational effects deposited them on the surface, resulting in aerodynamic morphologies. If evaporative loss of major element sediment components occurred (e.g. volatilization of Na), it did not proceed to completion, as indicated by the compositional similarity of glasses and sediments. From the time of quenching to the time of sample collection and analysis, the 234 U and 235 U in these glasses decayed and was retained in the glassy matrices, leading to the ingrowth of 230 Th and 231 Pa, respectively. These results illustrate several insights into fallout formation: (1) The composition of the environmental materials in a near-surface nuclear explosion determine and dominate the concentrations of the major and most trace elements in resultant local fallout. Thus, understanding the interaction of different environmental materials with the debris cloud may improve interpretations or predictions of resultant fallout chemistry; (2) the timescales for fallout formation are short (*seconds), and the timing of sediment interaction in relation to the cooling rate of the fireball will strongly influence the degree of chemical homogenization occurring with respect to the incorporation of remnant fuel; (3) droplets that remain molten for longer periods of time, perhaps due to their ballistic trajectories through the fireball, will have more time to homogenize initially variable compositions such that the range of heterogeneity observed should reflect a combination of yield and height of detonation; and (4) multiple physical processes must result in the introduction of bomb-debris condensates into the environmental melts that form the host material of macro-scale glassy fallout. While the fallout samples examined in this study cannot be the direct result of condensation from the bomb vapor, such fallout must have incorporated primary condensates, and this inventory dominates the uranium budget of these aerodynamic glasses. This suggests that such glassy fallout materials may be of high value for nuclear forensic investigations. These observations also highlight a need to understand the micro-scale features in these materials to deconvolve the formation processes of condensation, agglomeration, mixing, and diffusion. While the era of above-ground testing is over, studies of historical fallout continue to provide insight for hazard assessment as well as nuclear forensics. 
